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ABSTRACT

The variability of surface emissivity over land, and the resultant error in
retrieved surface and atmospheric temperatures, due to use of an incorrect surface
emissivity in inverting infra-red radiance observati’ons, are discussed and found to be

significant.




In many applications of the radiative transfer equations to obtain estimates of
surface temperatures and atmospheric temperature profiles it is common to find the
surface emissivity assumed to be unity. Observations (Kondratyev, 1965, Buettner
and Kern 1965, Hovis 1966) show that the land's surface emissivity may differ appre-
ciably from unity., Shaw (1970) discussed the effect of non-unit surface emissivity on
surface temperature measurements in the 3.7 um region. Our purpose is to empha-
size the importance of considering both atmospheric transmission and surface emissi-
vity in the design of atmospheric temperature profile sounders used over land surfaces.
We do this by providing estimates of possible errors introduced by assuming unit emissi-

vity with present day atmospheric temperature sounders.

Satellite temperature retrievals are usually based on inversions of the spectral
radiative transfer equations. These equations in the absence of clouds and scattering

may be written simply for a multichannel sensor as:
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where Ri is the spectral radiance observed by the satellite in channel i, ﬁi { isan
effective downward flux, € is the surface spectral emissivity, assumed to be iso-
tropic, Bi is Planck's spectral radiance function evaluated at a characteristic fre-
quency v, for each channel, TS is the surface temperature, TiCP) is the spectral
transmittance, averaged over sounding channel i, from the top of the atmosphere to

pressure P, Tsi is Ti(Ps), and PS is the surface pressure.




, A first order estimate of the bias introduced by an incorrect value of the sur-
face emissivity in a window channel can be obtained from (1) by assuming perfect

transmission (neglecting radiation emitted and absorbed by the atmosphere). In this

case, (1) reduces to
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where bi = 1.439 vi, Ai

Ri’ T can be calculated, assuming € is known, according to
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Use of an incorrect emissivity, ei , in (3) will have produced an incorrect

temperature, T', given by

L @)

with an error, T-T', given by
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The expression in (5b) can be well approximated by the simple form
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because T!' differs from T by at most a few percent (for a reasonable ei) and
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are large compared to 1.

The bias error for the 3.74um and 11um window channels of the HIRS instru-
ment may be estimated by using (6). Inthe 3.7um region of the spectrum emissivi-
ties have been observed which range from .6 and .9 over land. At a surface temper-
ature of 290 K, if the true emissivity was .6 and an assumed emissivity of .8 is used
to estimate the surface temperature, an error of 6°C would result. If a unit emissi-

vity is assumed the error would be approximately 11°C.




In the 11 um region of the spectrum emissivities which differ from unity by as
much as .05 have been observed. At a surface temperature of 290°K (if the true
emissivity is . 95) a bias error of 3.5 K results if a unit emissivity is assumed; if the

_emissivity is assumed to be .27 an error of 1.4 K would vesult.

The effects of non-unit surface emissivity on temperature retrievals from multi-
channel atmospheric temperature sounders such as VIPR and HIRS are smaller than
in the case of window channel surface temperature sounders because the atmospheric
transmittance Tsi is considerably less than 1, even for the channel sounding deepest
in the atmosphere, and because the effective downward flux, ﬁi 1 » tends to augment
some of the decreased radiation coming from the surface. Note for example, that if

Ri 1 = Bi(T ) (1) becomes equivalent to the case of unit emissivity. Before this

effect can be assessed, one must first be able to evaluate or model ﬁi Lo

Tt

The actual expression for the term involving ﬁi 1 is given by

R ® 2 /2 .
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In the above, T sy is the monochromatic atmospheric transmittance to the sur-

face, fi(v) is the instrumental filter function for channel i, €y.d is the directional
H




surface emissivity in the upward direction, and Rv ! ( 8) is the monochromatic down-

ward flux striking the éarth's surface at zenith angle g, given by (neglecting solar

radiation)

R, 1(8) =] B (rdr! (8)

where 'r\') (6,P) represents the monochromatic transmittance from pressure P to the

surface and BV(T ') is a shortened notation for Bv [T(r')]. All functions are assumed

to be isotropic in azimuth angle ¢.

To the extent that the surface is Lambertian and Rv L ( 8) is isotropic

(actually, Rv + (8) increases somewhat with ) (7) becomes

(-e) Ry L 7y = J‘o Tey O A=) R 4 dv 9)

where n‘(l—ev a (6,0)) has been replaced by the monochromatic reflectivity,
?

(1~ ) (Shaw, 1970).

The right hand side of (9) involves the average of the product of three frequency de-
pendent quantities and cannot be replaced by the product of the averages. The emissivity
can be factored out of (9) because it is roughly constant across the bandpass of the filter

function fi(v), with a value € - The effective channel averaged downward flux can then be de-

fined so as to identically obey (9) according to




R, ¢ = = —f (10)

{, is always less than the average downward flux Ri [

The effective downward flux, R,

because, as seen from (8), ™ and RV \ are negatively correlated.

SV

The effective downward flux, as defined in (10), can be effectively modeled

according to the form (developed in the Appendix)

= 1 -
Ri ] Fi Bi(Ts) - Si) | (11)
where F; is a constant depending only on sounding channel.

An estimate of the bias introduced into retrieved temperature profiles through
an incorrect surface emissivity can now be obtained for multichannel sensors in the following
way. The upward radiance measured at the sensors are first calculated, using (1) and (11),
for a particular temperature profile with a nonunit surface emissivity. These calculated
radiances are then used to obtain a retrieved temperature profile with an assumption of unit
emissivity. The difference between the original and retrieved temperature profiles serves as
a measure of the bias. This approach has been applied to the multichannel VIT'PR .instrument
using the U.S. standard atmosphere temperature profile (1966), applying Chahine's method
for temperature retrieval (Chahine, 1968). The surface (1000 mb) relative humidity of the
standard atmosphere was assumed to be 70%. The absolute humidity decreased ex-
ponentially with a scale height of 2,1 k. The atmospheric transmittances, T(P),

were obtained for each VTPR channel through line-by-line calculations. Nadir viewing




was assumed in the calculations. The effective downward flux term was calculated
according to (11) with F; set equal to .53 and . 68 for the two lowest temperature |

sounding channels and 1 for the remaining channels.,

. Observed radiances were computed for surface emissivities of .95, and , 98,
Using the standard profile as an initial guess and an assumed unit emissivity, retrieved

profiles were obtained for each case,

The retrieved profile for the .95 emissivity was in error by 1. 8° at the surface
and produced a .65°C RMS error at the 10 lowest mandatory levels, The bias in cal-
culated clear column radiances caused by assuming an incorrect unit emissivity was on
the order of 1% in the surface channel, a value four times greater than the instrumental
noise level of the channel (Fritz et al., 1972), The retrieved profile for the . 98 emissi-
vity was in error by .48°C at the surface and produced a .17°C RMS at the same man-
datory levels. The bias in the clear column radiance for the surfice channel was ap-
proximately twice the nominal noise level, The temperature bias is greatest at the
surface and decreases with altitude., Greatest errors occur for colder temperature

profiles because of increased atmospheric transmission,

The procedure was repeated for the HIRS instrument. In this case only the
4,3 um channels were used to retrieve lower tropospheric temperatures (Chahine, 1974).
F; was set equal to .42 and . 55 for the two lowest temperature sounding channels,
Observed radiances were computed for surface emissivities of .85 and . 95 typical of
land and water in this spectral region. Retrievials were done as above with assumed

wnit emissivity for each case,

The retrieved profile for . 85 emissivity was in error by 3.1° at the surface

and produced a 1,34°C RMS error at the 10 lowest mandatory levels. The calculated




clear column radiance for the surface channel was in error by 9% in the surface
channel when unit emissivity was assumed. The retrieved profile for the .95 emis-
sivity was in error by 1.0°C at the surface with an RMS error of ,43°C., The calcu-

lated clear column radiance for the surface channel was in error by 3%.

The temperature bias estimates indicate incorrect surface emissivities may
produce sizeable bias in the surface temperatures and temperature profiles retrieved
by satellites over land, ‘and point to the necessity of providing for surface emissivities

in future sounder design.




APPENDIX

Model of Downward Flux

The effective downward flux for a particular temperature profile is defined in (10) in
the main text. Given a temperature profile, all terms on the ﬁght })and side of v(10) can be
calculated using line by line calculations. This prbcedure is very tlme éoﬁsuminé however,
and it is much more convenient to use an empirical model which gi\.res close agreement
with exact calculatioﬁ in a number of cases, The form of the model comes from examina-

tion of (8) in the text which can be rewritten as

1 1 1
R, 4+ =] B (thdr = [ B (T ) dr' + [ (B(r') - B(T )] dr'
\Y) v v s s
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Most of the absorption takes place very low in the atmosphere, say the lowest
150 mb (i.e., between 1000 and 850 mb), B(t) - B(T s is a slowly varying function

over this region, and (1) can be well approximated by the mean value theorem to give

R, ! & B (T)(-1 (Py) * B, - BT @-7 (P @)

where B - B(T)) is a mean difference between the atmospheric Planck function and
the surface Planck function over the range of most absorption. (2) can be rewritten

in the form




R, | = F BT, 1-1 (P | 3)
where
B_ - B_(T)
F,_ =1+ vS (4)
v B,(Ty)

Fv differs from '"1" to the extent that the mean value of the Planck function
differs from the surface Planck function. F\) can be calculated for a particular pro-

file in an exact manner by using (3) in the form

R, ¢ :
Fy = B (THU -7 (P)] (5)

with all of the values on the right-hand side of (5) calculated exactly in a line-

by-line fashion.

Likewise, analogous channel averaged quantities are defined for a particular
profile according to

R, !
i

si? ~ BT )T -T_) (6).

F, = J‘va fi(v)'dv/Bi(TS)(l-'r

and




Ril Fi (Rl'r)si

- = : )
Bi(Ts)(l Tsi) Ril Tsi

F{ , like Fi » can be calculated exactly for a number of profiles using a line-by-line
approach. The results of three profiles for channels 6 and 7, the only VI PR chan-
nels for which the surface term is significant, and channels 14 and 15, the lower
tropospheric HIRS 4.3um channels are shown in Table 1. The surface pressure was
taken to be 1000 mb. We observe that to a very good approximation, Fi and Fi are
fairly constant over the wide range of profiles, This indicates that the effective down-

ward flux can be well approximated by

-~

/ Rl ~ F B(T)@A-Tg) (8)

using mean values of .53 for F,'7 and .68 for Fé for VTPR and .42 for Fi 4 and

.55 for Fis for HIRS. The effective downward flux is overestimated by about 60%

if the correlation effects between Rv { and Tv(Ps) are not explicitly taken into account

and Fi used in place of F; in (8).




L6S°*

ggg
685"

8S¥%°
(A
LIP®

0€s°*
L28°
0%g°

$818°
80%L°
686L"°

86¢L°
9048 °
GGL9*

T16°
688°
v68°

T96 °
€26°
L26°

! = Cu-pCoifast e

(

SUOPEINOTE0 XN[j PIEMUMOp 10} 1d ¢

T

wo - I9)8 -

6290°
89LT*
8662 °

880T°
0€18e"°
{5

€9°LT
g1°9%
61°62

e 11
€€ °e1
g9°e1

p: |

JOUI/M UL U] OUBIPBI)

4

T I1IdVL

00LT*
191’
2GsT’

$89%°
L8g¥v"*
890%°

018 °
2%
gLe’

68T°
J5 4%
LIT°

18

96%0°
8L2T"
44

€L90°
GZ6T°
£€82¢°

02°0T
68°%T
¥9°LT

€2°8
LL°6
€2°0T

Wit wy

No0L ‘uep
N0y *ady
No0 Amp

No0L ‘uep
N 0% *ady
No0 &mp

N,0L °*uep
N0¥ *ady
No0 4&mp

No0L ‘uep
N0¥ *ady
No0 Amp

aryoad
cdura J,

ATﬁo 0122)
gT [ouuEyd

SHIH

ATEO 0612)
¥1 PWeEyYd
SuIH

Aﬁ-ao 6%L)
L Teuueqd
ddLA

ATSO ezL)
9 Touueyd
4dLA




REFERENCES

Buettner, J. K., and' C. D. Kern, 1965, The determination of infrared emissivities

of terrestrial surfaces. J. Geophys. Res. 70, 1329-1337,

Chahine, M. T., 1968. Determination of the temperature profile in an atmosphere

from its outgoing radiance. J. Opf, Soc. Am., 58, 1634-1637,

Chahine, M. T., 1974, Remote sounding of cloudy atmospheres. I. The single

cloud layer. J. Atmos,. Sci. 31, 233-243.

Fritz, S. and D. Q. Wark, H. E. Fleming, W. L. Smith, H, Jacobowitz, D. T.

Hilleary, J. C. Alishouse, 1972, Temperature Sounding from Satellites.

NOAA Technical Report NESS 59, p. 37. (Available from the National

Technical Information Service).

Hovis, W. A., 1966: Optimum wavelength for surface temperature radiometry,

AEE].. gEto’ 5, 815_8180
Kondratyev, K., Ya., 1969: Radiation in the Atmosphere. New York, Academic

Press, p. 43.

Shaw, J. H., 1970. Determination of the earth's surface temperature from remote

spectral radiance observations near 2600 em™l. J. Atm . Sci. , 27, 950-959,

U.S. Standard Atmosphere Supplements, 1966. Prepared under sponsorship of

Environmental Science Services Administration, NASA, and U.S. Air Force,

U.S. Government Printing Office, Washington, D.C.




